Three-dimensional (3-D) scaffolds offer an exciting possibility to develop cocultures of various cell types.
INTRODUCTION
conformation while still maintaining their separate existence is desirable. 3-D textile superstructures for tissue engineering Coculture of two different cell types is an attractive strategy to achieve higher levels of differentiation and scaffolds have been proposed previously (25, 26) for their ability to provide optimal spatial and nutritional cell-specific functions. Many of the coculture systems in use employ commercially available well inserts (21), conditions for cell maintenance by the arrangement of structural elements, such as pores and fibers. Micro-wherein soluble factors secreted from the cell type cultured on the porous substrate of the insert exert biologi-structure and conformational features of scaffolds have been demonstrated to govern level of differentiation and cal effects on the target cells cultured in tissue culture well or by mixing the cells in a two-dimensional config-aggregate behavior of hepatocytes in culture (16, 17) . Earlier we have reported a composite scaffold system uration (22) . Coculture systems using inserts suffer from drawbacks such as lack of physical contact between co-based on poly lactic acid-co-glycolide-coated PET fabric for liver tissue engineering (7,12). However, degradation cultured cell types, whereas coculture systems that permit physical association of these cells do not allow these products of PLA and PGA are acidic in nature and could lead to undesirable pH changes in cellular microenviron-cell types to interact in a three-dimendional (3-D) geometry. Hence, a scaffold system that offers the possibility ment. The scaffold used in this study consists of a woven PET fabric with well-defined macro pores that is to coculture cell types with physical association in 3-D coated with biodegradable chitosan-collagen matrix hav-presence of 20% pooled human serum. The HUVECS were used in their second to fourth passages for carrying ing well-defined degradation time (manuscript submitted). Chitosan and collagen are biodegradable natural out experiments. Scaffolds were sterilized by dipping them in MEM polymers and are used as suitable substrates for cell attachment, growth, and differentiation (18-20,23). The containing 10× antibiotics (500 µg/ml penicillin, 500 µg/ml streptomycin, and 1 mg/ml neomycin) with Fun-system can be regarded as a textured membrane, which provides a 3-D structure for cell attachment and growth. gizone (1%, v/v) for 1 h just before cell culture experiments. They were then incubated overnight in MEM As a result of severe shortage of donor organs, efforts to develop a bioartificial liver support device based on with 10% heat-inactivated FCS containing 1× antibiotics and used immediately. HUVECs were seeded (2 × 10 5 cultured hepatocytes date back over 30 years (27) . Unfortunately, few culture systems allow the formation of cells/scaffold) directly on top of scaffolds maintained in six-well plates (Nunc, Denmark) in 200 µl endothelial organotypic tissue in vitro with highly differentiated and fully metabolic active cells or cell aggregates, which are growth medium (EGM) containing 20% human serum.
Plates were incubated at 37°C for 4 h to allow cells to necessary to provide long-term liver-specific functions. As endothelial cells provide stimulus for hepatocyte dif-attach and then additional 1 ml of culture medium was added. Cells were maintained in culture for 6 days with ferentiation (14,22,25), development of coculture systems for endothelial cells and hepatocytes is an active medium change after every 2 days. area of research (3, 5, 6) . In the present study we demon-Light and Electron Microscopy to Visualize HUVEC strate suitability of our scaffold system to culture human Morphology on Scaffolds umbilical vein endothelial cells (HUVECS) and foresee
The morphology of HUVECs growing on textile its application for coculture of nonparenchymal endothescaffolds was observed under phase contrast microscope lial cells in close physical contact with hepatocytes for (Carl Zeiss, Germany). After 2 and 6 days in culture, bioreactor-based applications.
two scaffolds of each hydrogel composition were pro-MATERIALS AND METHODS cessed for electron microscopy. HMDS drying method Scaffold Preparation was used for sample dehydration. In brief, scaffolds were washed with PBS and subjected to dehydration Chitosan and collagen solutions were mixed thorwith serial grades of ethanol. After the last step in absooughly in various proportions such as 7:3 (v/v), 1:1 lute ethanol, samples were dipped in ethanol/HMDS (v/v), and 3:7 (v/v) in 35-mm petri dishes. Cleaned tex-(1:1, v/v) for 30 min followed by a 30-min change in tile pieces were exposed to O 2 plasma at a pressure of absolute HMDS. Samples were then air dried at room 0.5 mbar and 100 W for 4 min. These pieces were then temperature for 24-36 h in a fume hood. Dried scaffolds immediately dip coated with pure chitosan, collagen, were mounted on aluminum stubs using double-sided and their blends and placed in hydrophobic, untreated conductive adhesive tape and were sputter coated with petri dishes (Greiner, Germany). Textiles coated with gold. Cells were visualized using Hitachi S2500 SEM at collagen and all blends were placed in an incubator an acceleration voltage of 15 KeV with a working dismaintained at 37°C for 2 h for gelation, while chitosantance of 25-30 mm. Digital pictures were acquired uscoated fabric was frozen immediately. After gelation all ing Voyager image acquisition console (Noran Instrutextiles were freeze-dried (Virtis, Gardiner, NY) for 24 h ments Inc., WI). with prior freezing at −50°C for 4 h. All dried scaffolds excluding those coated with pure collagen were dipped MTT Assay to Evaluate Cellular Functionality in 0.5 M NaOH for 45 min for chitosan insolubalization, and Growth Rates washed two times with distilled water followed by two MTT assay was performed as per standard protocol washes in phosphate-buffered saline (pH 7.4), and
(2). HUVECs were seeded (2 × 10 5 cells/scaffold) on freeze-dried.
textile scaffolds coated with different matrix composi-Endothelial Cell Isolation and Culture on Scaffolds tions in endothelial growth medium. On the fourth day, culture medium was replenished with 2 ml of MTT solu-HUVECS were isolated from fresh umbilical cords by collagenase digestion as previously described (15). tion (0.5 mg/ml of medium) and plates were incubated for 3 h at 37°C in CO 2 incubator. After incubation, Cells were propagated on culture flasks coated with purified human fibronectin (Winiger AG, Wohlen, Swit-MTT-containing solution was aspirated and cells were gently washed with PBS (pH 7.4). Color was developed zerland) and grown in medium 199 enriched with sodium heparin (90 µg/ml, Novo Industries, Copenhagen, using dimethyl sulfoxide (DMSO); 100 µl of DMSOdissolved formazan was transferred to 96-well plates and Denmark), endothelial growth supplement (15 µg/ml, Collaborative Research Inc., St. Waltham, MA) in the absorbance was read at 570 nm using an ELISA reader.
Viability and Functional Characterization of HUVECs Statistical Analysis by Fluorescent Live/Dead Assay
Results of MTT assay are expressed as mean ± SE. Differences between groups were tested by ANOVA. Assay was performed using Molecular Probes LIVE/ Computations were performed using Sigma-Stat statisti-DEAD viability/cytotoxicity kit (L-3224, Molecular cal package (Jandel Scientific, version 2.0 for Windows Probes, NL). HUVECs were seeded (2 × 10 5 cells/scaf-95, Chicago, IL). fold) on textile scaffolds in endothelial growth medium with medium change after every 2 days. After day 2 and RESULTS day 6 in culture scaffolds were washed two times with Light and Electron Microscopy to Visualize HUVEC PBS (pH 7.4). Scaffolds were then incubated in freshly Morphology on Scaffolds prepared calcein AM and ethidium homodimer-1 (EtD-1) solution (PBS containing 2 µM calcein AM and It was observed that HUVECs attach readily to all 4 µM EthD-1) at room temperature for 30 min. After matrix compositions of scaffolds without prior coating incubation scaffolds were washed with PBS (pH 7.4), of scaffolds with fibronectin, a prerequisite for their in mounted in PBS, and cells were visualized under a fluovitro culture on plastic substrates for better attachment rescence microscope (Axiovert 135, Zeiss, Germany). A and growth. Cells were seen to have endothelial-specific combination of two filters (515 nm for calcein and 635 cobblestone morphology and gave rise to monolayer on nm for EtD-1) was used to visualize same microscopic day 2 of culture ( Fig. 1) . Cell growth and monolayer formafield for fluorescence.
tion were confined to the chitosan-collagen matrixfilled macropores defined by PET fibers. Continuation
Visualization of F-Actin by Confocal Microscopy
of culture on scaffolds until day 6 did not induce cellular overgrowth and cells maintained their endothelial-spe-After 6 days in culture on textile scaffolds HUVECs cific morphology (Fig. 1F ). Electron microscopic obserwere evaluated for actin fiber expression. Scaffolds were vations also revealed cobblestone morphology of cells, washed with PBS (pH 7.4) and fixed in 3.7% formaldeand cells were seen to establish proper cell-cell contact hyde solution in PBS for 10 min at room temperature.
to form monolayer structure (Fig. 2) . Cells grown on Scaffolds were washed twice with PBS (pH 7.4) and chitosan possessed slightly round morphology in comthen incubated in freshly prepared Rhodamin phalloiparison to scaffolds coated with collagen and collagen din solution (stock solution diluted 1:40 in PBS, Molecblends. ular Probes, NL) at room temperature (RT) for 30 min. After thoroughly washing with PBS membranes were MTT Assay to Evaluate Cellular Functionality mounted in invert position on clean glass slides using and Growth Rates fluorescence microscopy mountaint containing antiquen-As seen from Figure 3a , it was observed that absorcher. Cells were visualized under Zeiss confocal microbance value for chitosan-coated scaffold was less (p < scope (LSM 410, Zeiss, Germany) equipped with 488 0.05) than absorbance obtained for scaffolds coated with nm argon laser.
collagen and collagen blends.
Factor VIII Expression by Confocal Microscopy
Viability and Functional Characterization of HUVECs by Fluorescent Live/Dead Assay After 6 days in culture on textile scaffolds HUVECs were observed for their ability to produce factor VIII.
As seen in Figure 3B , HUVECs growing on scaffolds Scaffolds were washed with PBS (pH 7.4) and fixed in maintained their metabolic activity and actively concold methanol for 45 min at 4°C. Methanol was aspiverted nonfluorescent calcein AM into fluorescent calrated; cells were washed with PBS (pH 7.4) and then cein (green). However, very few cells (<2-4%) were lakept in cold PBS at 4°C for 1 h. Cells were then incubeled with cell death marker ethidium homodimer-1 bated in blocking solution (2% BSA in PBS) at RT for (EtD-1, red fluorescence, not shown). This trend was 30 min. Cells were incubated with anti-human factor observed on scaffolds coated with all matrix composi-VIII antibody (Sigma Chemicals, St. Louis, MO) at RT tions (day 2) and was maintained until the end of in vitro for 1 h. Following three washes with PBS (pH 7.4) scafculture (day 6, Fig. 3b ). folds were incubated again in blocking solution at RT Visualization of Actin Filaments for 30 min. Anti-rabbit IgG (Sigma Chemicals) was by Confocal Microscopy added and cells were further incubated at RT for 1 h. After thoroughly washing with PBS membranes were As seen in Figure 4 , cells growing on scaffolds exhibited uniform/homogenous distribution of F-actin. There mounted on clean glass slides in antifade mounting medium. Cells were visualized using a confocal microscope was no accumulation of F-actin in the majority of the cells and stress fibers were absent. However, the cells (LSM510, Zeiss). that had rounded morphology and loosely attached to pression of HUVECs on scaffolds coated with collagen, 7:3 and 1:1 collagen-chitosan composition. scaffold structures showed F-actin accumulation. As cells grew in random orientation their actin fiber orienta-Factor VIII Expression by Confocal Microscopy tion was not in the same direction. HUVECs growing on scaffolds coated with pure chitosan showed higher It was observed that HUVECs growing on scaffolds were functionally active and seen to express factor VIII proportion of cells with round morphology and thus actin accumulation. There was no difference in F-actin ex-( Fig. 5) , an endothelial-specific protein essential in blood coagulation cascade. Factor VIII staining was cy-to use of collagen and chitosan matrix. Collagen is a part of basement membrane while chitosan structurally tosolic and uniformly distributed in cells. Factor VIII expression was similar in cells growing on all different mimics hyaluronic acid (4), a glycosaminoglycan (GAG) found in connective tissue. Maintenance of endothelial matrix compositions.
Depth coding and cellular visualization along the cell-specific cobblestone morphology and proper cellcell contact establishment, as seen from electron microz-axis of scaffolds by confocal microscopy also revealed that HUVECs were growing at various depths in the col-scopic observations until the end of study, also point to the suitability of this matrix for cell growth. At day 6 lagen-chitosan matrix and thus exhibited a 3-D growth pattern (Fig. 6 ). It was evident that matrix microstruc-of culture the maintenance of HUVEC monolayer and absence of cellular overgrowth points out that the PET ture and porous morphology allowed cells to penetrate and establish attachment with the matrix. fabric with defined mesh size (200 × 200 µm) has given rise to a compartment effect defining areas for HUVEC DISCUSSION growth. This compartmentalization probably has contributed towards cells following contact inhibition. Our Scaffolds, which allow proper cellular attachment MTT results have indicated that HUVECs growing on while maintaining their long-term viability and functionthe scaffolds have preserved mitochondrial functionalality, are sought for tissue engineering applications. 3-D ity. Lower absorbance values obtained for chitosan scafcollagen and chitosan matrices have been designed (10) folds than for collagen-or collagen-chitosan-coated and used extensively in this context for their suitable scaffolds could be due to higher cell number present on properties for cell growth (19, 20, 23) . However, chitosan the collagen-containing scaffolds than pure chitosanmatrices are fragile and difficult to handle. The scaffold coated scaffold. Higher cell number on collagen scafsystem reported in this study combines the advantages folds could be due to more cells adhering/attaching to of collagen-chitosan matrix along with a supportive collagen matrices after cell seeding. It could also be atstructure of the PET fabric. The PET fabric provided the tributed to subsequent higher cell growth rates achieved stability to the hydrogel matrix structure by mechanical on collagen-containing compositions than pure chitosan. interlocking and contributed towards its easy handling.
The live/dead assay employed measures recognized The scaffolds reported in this study also did not require parameters of cell viability, intracellular esterase activprecoating with fibronectin, a necessity for HUVEC in ity, and plasma membrane integrity. Conversion of calvitro culture on artificial substrata. cein AM, a nonfluorescent substrate, into green fluores-Our microscopic observations revealed that cells cent calcein and its subsequent retention in cells readily attached to the scaffolds. This could be attributed indicates viable cells. EtD-1, a high-affinity, red fluores-of F-actin. This peculiar distribution pattern of F-actin in these round cells could be attributed to their loose attach-cent, nucleic acid stain can pass only through the compromised membranes of dead cells. Our results (Fig. 3) ment and poor spreading on the chitosan-coated scaffolds. As reported previously (11), differential actin indicate that the majority of HUVECs (>95%) growing on scaffolds are viable and have preserved esterase ac-distribution may not be a consequence of differential microtopography of chitosan and collagen matrix but may tivity. This indicates the suitability of scaffold matrix and its conformational features for growth and function-be due to intrinsic properties of materials such as hydrophilicity and protein adsorption tendency. ality maintenance of HUVECs.
Fluorescent labeling of cytoskeletal proteins such as Our results show that HUVECs growing on textile scaffolds were functionally active until the end of study, actin and vimentin has been used to predict spreading and attachment of cells on biomaterial substrates (9,13).
as evident from their factor VIII production. CLSM results of cellular visualization along the z-axis of the scaf-Our actin labeling results show that the majority of endothelial cells do not exhibit accumulation of actin at fold showed that cells were growing at different distances from the surface and were viable and functionally the periphery and show uniform and homogenous distribution of actin with polygonal arrays of fibers. These active. Cells that had invaded the matrix also had proper contact with neighboring cells in the same and different results are indicative for proper attachment and spreading of HUVECs on the scaffolds coated with collagen planes. This points to the scaffold's ability to support HUVEC growth in 3-D geometry, further validating and its blends with chitosan. This shows suitable matrix properties for HUVEC attachment. Our actin labeling growth conductive properties of scaffold matrix. It is also evident from these results that due to the porous experiments also show that some endothelial cells exhibit round morphology characterized by accumulation nature of collagen-chitosan matrix cells growing at dif-
